Salmonella enterica serovar Gallinarum is a fowl-adapted pathogen, causing typhoid fever in chickens. It has the same antigenic formula (1,9,12:-:-) as S. enterica serovar Pullorum, which is also adapted to fowl but causes pullorum disease (diarrhea). The close relatedness but distinct pathogeneses make this pair of fowl pathogens good models for studies of bacterial genomic evolution and the way these organisms acquired pathogenicity. To locate and characterize the genomic differences between serovar Gallinarum and other salmonellae, we constructed a physical map of serovar Gallinarum strain SARB21 by using I-CeuI, XbaI, and AvrII with pulsed-field gel electrophoresis techniques. In the 4,740-kb genome, we located two insertions and six deletions relative to the genome of S. enterica serovar Typhimurium LT2, which we used as a reference Salmonella genome. Four of the genomic regions with reduced lengths corresponded to the four prophages in the genome of serovar Typhimurium LT2, and the others contained several smaller deletions relative to serovar Typhimurium LT2, including regions containing srfJ, std, and stj and gene clusters encoding a type I restriction system in serovar Typhimurium LT2. The map also revealed some rare rearrangements, including two inversions and several translocations. Further characterization of these insertions, deletions, and rearrangements will provide new insights into the molecular basis for the specific host-pathogen interactions and mechanisms of genomic evolution to create a new pathogen.
Salmonella species are important bacterial pathogens. To date, more than 2,500 Salmonella serovars have been identified (39) . Genetic evidence shows that all Salmonella serovars are closely related (3, 16) . For example, comparisons of housekeeping genes indicate 96 to 99% sequence identity among the Salmonella serovars (5) . According to microarray data, 2,244 potential genes are present in all 24 examined strains of 12 S. enterica serovars and 2 strains of S. bongori (2) ; similar observations have also been made by Porwollik and his colleagues (40) . Such genes are termed core genes and are assumed to play key roles in many typical cellular functions, e.g., metabolism, biosynthesis, and DNA replication. On the other hand, although the Salmonella serovars are closely related by phylogeny, they differ significantly in biology, including factors such as host range and disease spectrum. For instance, serovar Typhimurium infects a broad range of hosts, causing enteritis in humans and typhoid fever in mice, whereas serovar Typhi infects only humans and causes only typhoid fever. It is thus of great interest to ask what genetic differences in the Salmonella genomes have caused such phenotypic diversity among these close relatives.
Genomic comparisons between different Salmonella serovars have revealed that there are numerous serovar-specific insertions, deletions, inversions, translocations, and pseudogenes in the genomes (4, 20, 22-26, 30, 34, 35, 38) . The insertions usually have GϩC contents that differ from the average for the whole genome, an indication of exogenous origin. Some insertions have been designated Salmonella pathogenicity islands (SPIs) because they contain virulence genes contributing to bacterial pathogenicity. SPI-7, one of the recently identified SPIs, for instance, encodes Vi antigen in serovar Typhi (36, 38) . Genomic sequence analysis has revealed many pseudogenes in the genome of serovar Typhi, which may account at least in part for its host specificity.
Serovars Gallinarum and Pullorum are fowl-adapted pathogens and the only known nonflagellate (and thus nonmotile) Salmonella lineages. They have the same antigenic formula (1,9,12:-:-) and are indeed very closely related. However, they cause very different diseases, with serovar Gallinarum causing fowl typhoid fever and serovar Pullorum causing pullorum disease. Fowl typhoid fever is a chronic disease of adult chickens, but pullorum disease is an acute diarrheal illness in chicks. Fowl typhoid fever is usually spread by the ingestion of contaminated food or water, whereas pullorum disease can be transferred vertically through eggs in carrier hens (17, 43) . The close relatedness, common host specificity, and different pathogeneses of serovars Gallinarum and Pullorum make them good models in comparative genomics for exploration of the evolutionary events converting nonpathogenic bacteria into different pathogens. It is reasonable to suppose that some genomic features shared only by the two Salmonella lineages may be responsible for their common phenotypes, such as host range, and other genomic features unique to each of them may account for their distinct pathogeneses. In this study, we aim at finding such respective common and distinct genomic features of serovars Gallinarum and Pullorum.
To this end, we mapped the genome of serovar Gallinarum SARB21 and compared it to the previously mapped genomes of serovars Typhimurium (23) and Pullorum (19) . This map and its comparisons with those of the genomes of the other Salmonella serovars revealed several insertions, deletions, and rearrangements in serovar Gallinarum SARB21. The located deletions were further identified and characterized by using bioinformatics tools.
MATERIALS AND METHODS
Bacterial strains and cultivation conditions. Serovar Gallinarum SARB21, originally isolated as CDC4801/72, was kindly provided by R. K. Selander and was stocked at the Salmonella Genetic Stock Center as SGSC2478 (http: //www.ucalgary.ca/ϳkesander). The bacteria were grown in Luria-Bertani (LB) broth or on LB plates at 37°C. Tetracycline was used at 20 g/ml to select for Tn10 insertion mutants.
Enzymes and chemicals. I-CeuI, XbaI, and AvrII were purchased from New England Biolabs, proteinase K was from Boehringer Mannheim, and [ 32 P]dCTP was from Amersham Pharmacia Biotech. Most other chemicals were from Sigma Chemical Co.
Generation of Tn10 insertion mutants through bacteriophage P22-mediated transduction. A large number of Tn10 insertions into known genes have been mapped for the genome of serovar Typhimurium LT2 (23) . Using bacteriophage P22, we transferred Tn10 insertions in 60 representative genes from the serovar Typhimurium LT2 background into the genome of serovar Gallinarum SARB21 by the procedures described previously (22) .
PFGE methods and genomic mapping. Pulsed-field gel electrophoresis (PFGE) techniques, including preparation of genomic DNA and separation of the cleaved DNA fragments by PFGE, were as described previously (28, 29) .
Long-range PCR to determine orientations of I-CeuI fragments. Primers used in long-range PCR to determine the orientations of I-CeuI fragments are listed in Table 1 , and the procedure was as described previously (18); a similar procedure has been used by Helm and Maloy (8) .
Bioinformatics tools and analyses. Salmonella sequences were downloaded from the Genome Sequencing Center at Washington University (http://genome .wustl.edu). Genes that were not present in serovar Gallinarum as suggested by the PFGE data were identified using BLAST searching against shotgun sequences of another strain of serovar Gallinarum, 287/91, provided by the Sanger Center (http: //www.sanger.ac.uk/cgi-bin/blast/submitblast/salmonella). Generally, the sequence identities of orthologous genes identified in BLAST searches were Ͼ96% among the Salmonella lineages in our comparisons. Genes were regarded as missing when sequence identities were less than 70%.
RESULTS
I-CeuI cleavage map of serovar Gallinarum SARB21. I-CeuI, an endonuclease that cleaves DNA in a 26-bp recognition site in bacterial rrl genes (6, 32, 33) , cleaves Escherichia coli or Salmonella genomes into seven fragments because these bacteria all have seven rrn operons (21) . We arbitrarily designated these fragments in serovar Typhimurium LT2 in the order ABCDEFG, starting from the fragment that contains the terminus of replication and going clockwise (23) . In most Salmonella serovars, the seven I-CeuI fragments are organized in the same order as those in serovar Typhimurium LT2 (21, 27, 31) . As shown in Fig. 1 , serovar Gallinarum SARB21 has a rearranged genome, with the seven I-CeuI fragments being organized differently than those in serovar Typhimurium LT2, a situation that has been seen in a number of other hostadapted Salmonella serovars (19, 25, 30) . Although the partial digestion products, such as EϩF, EϩD, FϩC, and etc. (Fig.  1A) , clearly demonstrate the order of the seven I-CeuI fragments to be ABDEFCG in serovar Gallinarum SARB21 (Fig.  1B) , the orientation of the fragments, especially A and C, could not be determined this way. By long-range PCR, however, the orientation could be determined unambiguously, as discussed below.
Long-range PCR to determine orientation of I-CeuI fragments on the genome map. Orientations of I-CeuI fragments B, D, E, F, and G can usually be readily determined by their neighboring relationships with I-CeuI C because the directions of transcription point away from oriC, which is located near the rrnC end of I-CeuI C (18). However, I-CeuI A, containing terC, and I-CeuI C, containing oriC, can take either of the two possible orientations. Using 14 primers (Table 1) , each for a genomic sequence upstream or downstream of one of the seven rrn operons, we determined the orientations of all seven I-CeuI fragments by long-range PCR (Fig. 2) . The presence or absence of PCR products with any pairs of primers ( Fig. 2A ). We found that I-CeuI A in serovar Gallinarum SARB21 was inverted relative to serovar Typhimurium LT2 and that I-CeuI B, D, E, F, and G had the orientations predicted based on the PFGE data. The situation with I-CeuI C was rather surprising. In all previous studies with other Salmonella serovars, the rrnC end of I-CeuI C, thus oriC that is in I-CeuI C and 18 kb from the rrnC end of I-CeuI C (18) , is adjacent to at least one of the three small I-CeuI fragments, D, E, and F. We thus had predicted that I-CeuI C might be oriented as in other Salmonella serovars, with oriC being close to I-CeuI F rather than to I-CeuI G. Figure 2B , however, clearly shows the opposite, which was evidenced by the presence of PCR products with primer pair 12 and 5 (rather than 12 and 11) for the rrnD end of I-CeuI C and primer pair 14 and 11 (rather than 14 and 5) for the rrnC end and was further confirmed by Tn10 insertion analysis (e.g., uncA in XbaI D, not in XbaI O, or cysG in XbaI F, not in XbaI D; see below). These genomic rearrangements led to the rrn hybrids rrnD/B and rrlC/E. We designated the hybrids in their transcription order, rather than the clockwise genomic order, and thus the rrn operon between I-CeuI F and C is designated rrnD/B, not rrnB/D (Fig. 2B) . Cleavages of serovar Gallinarum SARB21 genomic DNA with XbaI and AvrII and Tn10 insertions to locate genes. XbaI and AvrII cleaved the genomic DNA of serovar Gallinarum SARB21 into 18 and 24 fragments, respectively (Fig. 3) . To map these fragments and locate genes in the genome, we used the Tn10 insertion technique. Tn10 has cleavage sites for both XbaI and AvrII, so insertion of Tn10 into known genes will locate those genes (for details of such analysis, see reference 23). By summarizing the results of XbaI and AvrII digestions of genomic DNA in the Tn10 mutants, we determined the positions of 60 genes. Double digestions of the cleavage fragments with all combinations, e.g., I-CeuI fragments redigested with XbaI or AvrII and vice versa (23) , enabled us to significantly refine our knowledge of the sizes and locations of the fragments, leading to a physical map of serovar Gallinarum SARB21 with a resolution of about 10 kb (Fig. 4) . Despite several unique features, this map shows overall similarities to other Salmonella maps (see below). Genome map of serovar Gallinarum SARB21 and comparison with that of serovar Typhimurium LT2. The mapped genome shown in Fig. 4 is 4 ,740 kb, a typical size of Salmonella genomes. As has been done with other Salmonella maps (29), we arbitrarily assigned thrL as the start (0 kb) of the genome, going clockwise in the direction of carB, leu, and etc. The location of oriC (4,275 kb from thrL) was inferred from the E. coli K-12 map based on the locations of uncA (atpA) and rrlC in the two bacteria.
Comparisons of the maps revealed two inversions and three translocations in serovar Gallinarum SARB21 relative to serovar Typhimurium LT2. One inversion is between rrlH and rrlG, inverting I-CeuI A, and the other runs from ca. 950 kb to ca. 1900 kb, with the proximal end falling somewhere between cobT and pyrC and the clockwise end between fliC and putA.
In serovar Typhimurium LT2, I-CeuI fragment B is followed by CDEFG; in serovar Gallinarum SARB21, I-CeuI fragment B is followed by DEFCG. There thus appears to be a simple translocation, moving I-CeuI C to a new location between I-CeuI fragments F and G, which is in fact not the case. Instead, there must have been at least three separate translocations, moving I-CeuI fragments D, E, and F one by one, as judged by the orientations of the fragments D, E, and F (Fig.  2) . When I-CeuI fragments D, E, and F are in the serovar Typhimurium order, the rrn operon between I-CeuI fragments D and E should be rrnA and that between E and F should be rrnB (18, 23) ; for serovar Gallinarum SARB21, the long-range PCR results unambiguously indicate that rrnB/C is located between I-CeuI D and E and rrnE/A between I-CeuI E and F. The comparisons also revealed two regions with increased lengths and six regions with reduced lengths, which we assumed to be genomic insertions and deletions, respectively. The 31-kb increase between dadX and cheB is very similar to that in serovar Pullorum RKS5078 both in size and genomic location, whereas the 18-kb increase between cysC and relA is similar in size to the one in serovar Pullorum RKS5078 between proU and cysC (19) . The six regions with reduced physical lengths include, in the clockwise genomic order, 46 kb between nadB and purG, 47 kb between pyrD and pncB, 57 kb between aspC and bioA, 62 kb between tyrA and cysC, 24 kb between recB and pepP, and 43 kb between purA and serB.
Characterization of putative deletions in serovar Gallinarum SARB21. A strain of serovar Gallinarum, 287/91, is being sequenced at the Sanger Center. Although the sequencing is not finished yet, the Sanger Center provides the database of shotgun reads for BLAST searching. Additionally, Chan et al. (2) have compared genomes of 26 Salmonella strains, including serovar Typhimurium LT2, serovar Pullorum SARB51, and serovar Gallinarum SARB21, using serovar Typhimurium microarray. By personal communications with Chan, we obtained the data for genes missing in serovar Gallinarum and serovar Pullorum relative to serovar Typhimurium. Combining information from physical mapping with the microarray data, we selected certain genes for BLAST searching against the database of the Sanger Center for the serovar Gallinarum shotgun reads.
As shown in Table 2 , the six genomic regions with reduced physical lengths described above corresponded well with the microarray and BLAST searching results, confirming the absence of genetic material in those regions. The first four regions with reduced physical lengths matched the four prophages in serovar Typhimurium LT2, corresponding in genomic order to Gifsy-1 (STM2584 to STM2636), Gifsy-2 (STM1005 to STM1056), Fels-1 (STM893 to STM929), and Fels-2 (STM2694 to STM2772). (The genes of serovar Typhimurium LT2 are numbered consecutively on the genome from STM1 [35] .) Therefore, instead of saying that serovar Gallinarum has these four deletions, it would be better to state that serovar Gallinarum does not have these four prophages.
In addition, we detected the absence of genes equivalent to regions STM3022 to STM3034 (recB-pepP), STM4417 to STM4437, STM4488 to STM4498, STM4520 to STM-4527, and STM4571 to STM4575 (purA-serB), not inclusive, in serovar Gallinarum. Of these areas, STM3022 to STM3034 contains genes encoding std fimbriae, STM4417 to STM4436 contains srfJ genes, STM4571 to STM4575 encodes stj fimbriae, and genes in STM4520 to STM4527 code for a type I restriction system (35) .
Genomic comparisons between serovars Gallinarum and Pullorum. Upon comparing the genome maps of serovar Gallinarum SARB21 and serovar Pullorum RKS5078, which was published previously (19), we found that they were similar in many ways. Firstly, both strains seemed to have identical inversions 1 and 2, although inversion 2 in serovar Pullorum RKS5078 has both endpoints within, or close to, genomic insertions, leaving a question as to whether the two bacteria have the same endpoints. Secondly, the two putative insertions in serovar Gallinarum SARB21 seemed to have counterparts in serovar Pullorum RKS5078 at similar genomic locations, although their homology needs to be examined. Finally, the two strains have in common the absence of several DNA segments relative to serovar Typhimurium, including the four prophages.
The differences between the two genomic maps are also significant. Among them are differences in genomic sizes, with the genome of serovar Gallinarum SARB21 being as much as 190 kb smaller. The other differences include individual genomic insertions or deletions found in one or the other strain. For example, between purA and serB on the genome map of serovar Gallinarum SARB21, the length is 43 kb shorter than that of the corresponding region in serovar Typhimurium LT2, while in the corresponding region of serovar Pullorum RKS5078, there is a 20-kb decrease between purA and pyrB and a 12-kb increase between argI and serB. Significantly, the 157-kb insertion in serovar Pullorum RKS5078 between pncX and pyrF was not found in serovar Gallinarum SARB21, although we do not exclude the possibility that parts of it may be distributed in the genome of serovar Gallinarum. Difference in orientations of I-CeuI C is another genomic feature to distinguish the two strains.
DISCUSSION
All Salmonella serovars share a general gene pool for essential cell functions, and each has a sub-gene pool for adaptation to a specific niche. Genetic barriers seem to exist among the Salmonella lineages, as subtle genomic features are shared only by members of the same lineage (a phylogenetic group, such as a biovar, serovar, species, and etc.) and younger serovars such as serovar Typhi tend to be more homogenous than the more ancient serovars such as serovar Typhimurium (4, 13, 28, 30, 38) . As a result, at least for Salmonella and especially for the host-adapted and thus younger lineages, a bacterial strain should essentially reflect one lineage in gene content. Based on this assumption, which has been supported by previous work, we have constructed genome maps for representative Salmonella serovars. In this study, we mapped the genome of serovar Gallinarum SARB21 and compared it with genomes of other Salmonella serovars. We identified several genomic differences between serovar Gallinarum SARB21 and serovar Typhimurium LT2 and between serovar Gallinarum SARB21 and serovar Pullorum RKS5078, including genomic increases, decreases, and rearrangements relative to one or the other Salmonella lineage. While attempting to isolate the putative insertions by the suppression subtractive hybridization techniques for genetic and functional studies (S.-L. Liu, ongoing work), we analyzed the rearrangements (inversions and translocations) by using long-range PCR and characterized the genomic regions that have reduced physical lengths compared with corresponding regions in serovar Typhimurium LT2 by using bioinformatics tools. Among the several kinds of genomic rearrangements in serovar Gallinarum SARB21, one was rare and rather surprising, i.e., the orientation of I-CeuI C with regard to I-CeuI DEF. In all of the hundreds of previously analyzed Salmonella strains, I-CeuI C is oriented so that oriC, which is in I-CeuI C and 18 kb from the rrnC end of I-CeuI C, is close to at least one of the three small I-CeuI fragments, D, E and F. In serovar Gallinarum SARB21, however, the I-CeuI C fragment has its rrnC end (and hence oriC) away from all of I-CeuI DEF. In the adoptadapt model of bacterial evolution in exploration of mechanisms for genomic rearrangements, rearranging for rebalancing of the genome has been emphasized, with dosage effect as an additional or alternative explanation (19, 26, 30, 31) . The case of I-CeuI C orientation in serovar Gallinarum SARB21 seems to provide stronger support to the rearranging for rebalancing hypothesis than to the dosage effect alternative, as all genes on the I-CeuI D, E, and F fragments will have relatively reduced dosage when they are all so much farther away from oriC, although we need to confirm this by obtaining further evidence, such as the balance status in this strain.
Another point of great interest in the comparison of fowladapted Salmonella serovars is the fact that both serovar Gallinarum SARB21 and serovar Pullorum RKS5078 have genomic rearrangements in the genomic region between rrnD and rrnE. In a recent study of pigeon-associated serovar Typhimurium DT2 strains, Helm et al. also detected genomic rearrangements in the rrnD-and rrnE-flanked region (9) . Whether rearrangements in this region would relate to bird adaptation of the Salmonella pathogens remains to be investigated.
Recombination involving rrn genes, resulting in tandem duplications or other rearrangements, has been an active area of study in regard to its significance in bacterial life activities, fitness, and evolution (7, 10-12, 15, 26, 30, 42) . Previous studies have explored the reasons why some bacteria undergo frequent recombination events but many of their close relatives do not, such as in the case of serovar Typhi versus serovar Typhimurium (26, 28, 30) . Previously, it was demonstrated that bacterial genomes have a tendency to obtain a physical balance (44) . Based on this and other evidence, it was hypothesized that recombination may help the bacteria to rebalance the genome following major genomic insertions or deletions, which may have disrupted the genomic balance (19, 30, 31) , although this hypothesis needs to be tested further as exceptions awaiting explanation also exist. Genomic rebalancing involves homologous recombination, and rrn genes provide ideal sites for this because of their large sizes and multiple copies (12, 14, 15, 21) , although homologous recombination occurs also in other multiple-copy sequences, such as IS200 (1) .
Among the genomic regions with reduced physical lengths in serovar Gallinarum SARB21 compared to those in serovar Typhimurium LT2 are four locations where there are prophages in serovar Typhimurium LT2 but not in serovar Gallinarum SARB21. Microarray analyses demonstrate that these prophages are limited to only some strains of serovar Typhimurium, not widespread among Salmonella serovars (41) . Other genomic regions with reduced physical lengths in serovar Gallinarum SARB21 contain several small deletions. Interestingly, the missing genes in those locations in serovar Gallinarum SARB21 are clustered within islands in serovar Typhimurium LT2. Most of them are adjacent to a tRNA and encode transposase or integrase, suggesting that these islands are mobile and may have been acquired by horizontal gene transfer (35, 37) .
The overall genomic similarity between serovars Gallinarum and Pullorum, including those genomic features common only to these two Salmonella lineages, further indicates their close relatedness, in addition to the previously known facts that they are both nonflagellate, specific to chickens, of the same antigenic formula, and hard to distinguish biochemically. With genomic sequence shotgun reads of a strain of serovar Gallinarum available from the Sanger Center for BLAST searching, we are working with Rob Edwards of Tennessee University to sequence a strain of serovar Pullorum, now at the ca. 80% genomic coverage stage. The genomic increases and decreases revealed by physical mapping of the genomes of serovars Gallinarum and Pullorum relative to the genome of serovar Typhimurium LT2 are guiding us to focus on regions of interest to identify the common loss of ancestral genes that may account for the fowl specificity of these pathogens and their unique genetic materials that may be responsible for their distinct pathogeneses, potentially leading to new insights into the genomic evolution and speciation of bacteria and the emergence of new bacterial pathogens.
